A mathematical model is described that estimates chemical concentrations in phytoplankton, zooplankton, filter-feeding and detritovorous benthic invertebrates, and fish. Chemical concentrations are determined at steadystate using conventional chemical, biological, and environmental data. Concentration data for 31 PCB congeners in 14 different fish species, five benthic invertebrate species, water and sediment collected from western Lake Erie, and corresponding feeding preference data were used to verify the model. The results illustrate that 95% of the observed concentrations in filter-feeding benthic invertebrates, detritous feeding benthic invertebrates, and fish were within a factor of 1.8, 1.9, and 2.0 of the model-predicted concentrations, respectively. The ability of this model to predict contaminant transfer in a complex food web and its potential applicability to other food webs indicate that it could be an important tool for managing contaminants on an ecosystem level.
Introduction
Environmental managers have expressed concern about how changes in the ecosystem structure of western Lake Erie are affecting contaminant transfer through the food web. Western Lake Erie has received this attention because it supports an economically important fishery (1) , it has been heavily impacted by invading species such as zebra mussels (2) , and it receives a continuous influx of chemical contaminants that have impaired its use by humans and wildlife (3) . This concern has resulted in the need to be able to predict chemical distributions in this food web and to predict how concentrations will change under different environmental and chemical conditions.
Of all the contaminants entering Lake Erie, polychlorinated biphenyl (PCB) congeners are a particular problem because they are prevalent, persistent, and proven to be harmful to humans and wildlife (4) . The dynamics of PCBs within the aquatic environment are determined by chemical properties (e.g., hydrophobicity, persistence), biological processes (e.g., food web structure, assimilation efficiencies), and system processes (concentrations, productivity, etc.). Many of these factors vary between aquatic ecosystems; thus, the prediction of bioaccumulation in a particular organism within a given aquatic ecosystem is a difficult challenge for environmental managers.
Food web bioaccumulation models have been developed that account for many of the chemical, biological, and system processes that govern bioaccumulation (e.g., refs 5-7). Although many of these models describe the same processes and are verified for the same ecosystem (usually Lake Ontario), the models differ in the number and types of assumptions that are made and the parameters that are used to quantify chemical uptake and elimination. This study presents a benthic/pelagic food web model that quantifies bioaccumulation using familiar parameters such as chemical concentrations in water and sediment and relationships describing ingestion rates and gill ventilation rates in fish and invertebrates. The model was developed using these data because they tend to be more familiar to environmental managers and are readily available in the literature. The model is unique because it contains steady-state relationships for all biotic compartments except phytoplankton, and it does not use kinetic rate contants. Before the model can be used as a predictive tool, it is necessary to verify its performance in the ecosystem of concern. Model verification requires reliable data describing physical attributes of the environment, chemical concentrations in the food web, and food web structure. The objectives of this study are (a) to develop a user-friendly benthic/pelagic food web bioaccumulation model, (b) to report the distribution of polychlorinated biphenyls (PCBs) in the western Lake Erie food web, and (c) to use this information to verify the food web model.
Model Description
Bioconcentration in Phytoplankton. Bioaccumulation in phytoplankton is assumed to be described by equilibrium partitioning of the chemical between the phytoplankton's organic carbon (OC PL) and water (8, 9) . The organic carbonwater partition coefficient is used to describe the partitioning of chemical between phytoplankton organic carbon and water; thus, the chemical concentration in phytoplankton (C PL, µg kg -1 ) is approximately equal to the product of the chemical concentration in water (CW, µg kg -1 ), the mass fraction of organic carbon in phytoplankton (OC PL), and the organic carbon-water partition coefficient (KOC) as follows:
Bioaccumulation in Zooplankton, Benthic Invertebrates, and Fish. Bioaccumulation of persistent organic chemicals in all species other than phytoplankton is described at steadystate by the same model. This model is based on the premise that predominant routes of chemical uptake are directly from water and through consumption of contaminated food. Chemical elimination includes loss to the water (via the gills), loss by fecal egestion, and loss by metabolic transformation. In addition, the decline in an organism's internal contaminant concentration as its body weight increases over time (i.e., growth dilution) is included in the model. Because the diet of most organisms contains a variety of substances, the concentration of chemical in the diet is defined as where P i is the mass fraction of diet containing an item (i), and C D,i is the concentration of chemical in item (i).
For benthic filter-feeders (e.g., mussels, caddisfly larvae), the ingestion rate can be described as the product of the gill ventilation rate (G W, L d -1 ), the concentration of suspended solids in the water column (V SS, kg L -1 ), and the particle scavenging efficiency (σ) describing the fraction of particles that is removed from the water column by the organism and absorbed (10):
In the case of filter-feeders, the concentration of chemical in the diet (C SS) is defined as the product of the mass fraction of diet containing an item (P i) and the chemical concentration in item (i), i.e., ΣP iCSS,i.
Elimination via the Respiratory Surface (D W). Elimination of chemical to the water can be described as where C B is the chemical concentration in biota (µg kg -1 ), KLW is the lipid-water partition coefficient (L kg -1 ), and LB is the fraction of lipid in biota. If the lipid-water partition coefficient is assumed to be approximately equal to K OW, then
Elimination of Chemical through Fecal Egestion (DF).
Elimination of chemical by aquatic biota via the feces (D F) can be described as where G F is the egestion rate (kg d -1 ) and KBF is the equilibrium biota-feces partition coefficient (kg kg -1 ). The biota-feces partition coefficient K BF reflects the natural tendency of chemicals to partition between the organism and fecal matter. For hydrophobic substances, the relative solubilities of the substance in the organism and the fecal matter are proportional to the lipid content of the organism (LB) and fecal matter (L F). Hence, KBF can be approximated by δBLB/δFLF where δB and δF are the densities of the biota and feces, respectively. The lipid or organic carbon content of the fecal matter is related to the lipid or organic carbon content of the diet of the organism since δ FLF ) (1 -R)LDδD, where R is the fraction of organic carbon or lipid content of the diet (D) that is removed upon digestion. If it is assumed that
Digestion results in the fecal egestion rate (G F) being less than the dietary ingestion rate (G D), i.e., GF is (1 -)GD, where is the fraction of ingested diet absorbed by the organism. If these substitutions are made into eq 9, chemical elimination via feces can be described as
Depuration via Growth (D G).
The dilution of chemical resulting from the growth of new tissue can be described as where G R is the growth rate (kg d -1 ).
Metabolism (D M). Depuration of chemical via metabolic transformation can be described as
where
is the metabolic transformation rate constant and V B (kg) is the mass of biota.
Bioaccumulation in Biota. Combining eqs 2-12 and assuming that steady-state conditions apply, the following expressions for the bioaccumulation of organic contaminants in benthic filter-feeders, benthic detritivores, zooplankton, and fish result;
Definitions and units for each of the parameters are listed in Table 1 . These equations can be combined in series to simulate bioaccumulation of organic chemicals in a food web containing any number of zooplankton, benthic invertebrates, and fish species and any number of size classes within a species.
Methodology
General input parameters that were used to characterize the food web were obtained from the literature and are listed in Table 2 . Table 3 lists the sample sizes and physical attributes of biota, sediment, and water collected in western Lake Erie during the summers of 1993 and 1994. A detailed description of the field sampling techniques used to collect the sediment and biota is available in Morrison (11) . Diet compositions for the biota were obtained from the literature and from analyses of fish stomachs collected in this study. These diet compositions are listed in Table 4 and, where necessary, were categorized in terms of sediment, resuspended sediment, phytoplankton, zooplankton, and the 19 benthic invertebrate and fish species included in the western Lake Erie food web.
filter-feeding benthic invertebrates
benthic detritivores, zooplankton, and fish Table 5 lists the parameters used to characterize the environment of western Lake Erie. Water Analysis. Staff of Environment Canada collected three 50.5-L water samples offshore of Middle Sister Island in western Lake Erie and extracted these samples with a Goulden large-volume extractor according to the methods of L'Italien and Fay (12) . Prior to extraction, water was passed through a Westfalia separator at a continuous flow rate of 4 L/min to remove particulates. This process is capable of removing particles greater than 0.2 µm from the water column (13) . Dissolved organic carbon is considered to be comprised of particles smaller than 0.45 µm diameter. Because the centrifuging method only removed particles greater than 0.2 µm, it was assumed that approximately half of the dissolved organic carbon (DOC) remained in the water sample after centrifuging. Consequently, to estimate freely dissolved water concentrations, the measured water concentration (C M) was divided by half the measured DOC concentration (i.e., 0.5DOC) in western Lake Erie and the organic carbon-water partition coefficient (KOC) as follows: 
Chemical Analysis. With the exception of alewife and plankton, extraction and cleanup of tissue, sediment, and water samples were done by the Great Lakes Institute for Environmental Research (GLIER) according to the methods described in Lazar et al. (14) . The following PCB congeners listed by IUPAC Number were quantified using gas chromatography/electron capture detection (GC/ECD): 28 
Alewife samples were analyzed for PCB congeners by the Department of Fisheries and Oceans, Great Lakes Laboratory for Fisheries and Aquatic Sciences (GLLFAS). An interlaboratory comparison of PCB congener recoveries determined that there was no significant difference between the results of the GLIER laboratory and the GLLFAS laboratory for the congeners listed in this study (17) . Preparation and cleanup of samples followed the methods described in Huestis et al. (18) . Individual PCB congeners were quantified using highresolution gas chromatography/mass spectometry (GC/ HRMS). The dectection limit ranged from 5 to 10 pg g -1 , and recoveries were greater than 85%. Lipid was determined gravimetrically on whole sample extracts. Data generated from these analyses are available in tabular form in Morrison (11) . Water and sediment PCB congener concentrations are available in Morrison et al. (10) . Octanol-water partition coefficients (K OW) were from Shiu and Mackay (19) except for congeners 110, 182/187, 180, and 170/190, which are from Hawker and Connell (20) .
Assumptions Unique to This Model Validation.
Metabolic transformation of the PCB congeners measured in this study was considered to be negligible. Invertebrates and fish have limited metabolic capabilities to biotransform xenobiotics (21) . When metabolism has been observed in both fish and invertebrates, it has been restricted to the lower chlorinated PCB congeners (21, 22) . Growth dilution was not considered for zooplankton and benthic invertebrates to simplify the submodels for these organisms.
Results and Discussion
Figure 1a-d illustrates the predicted versus observed concentrations of 31 PCB congeners in benthic invertebrates and fish from western Lake Erie. Overall, predicted PCB congener concentrations in the benthic invertebrates, adult white sucker, silver bass, yellow perch, and walleye were in good agreement with observed concentrations as evidenced by mean predicted versus observed ratios close to 1 (range 0.89-1.11). The model tended to underestimate PCB congener concentrations in other biota, although the majority of model predictions were within a factor of 2 (Figure 1a-d) .
Predictions of the zooplankton submodel could not be validated against field data because PCB congener concentrations in zooplankton from western Lake Erie were not available. In order to ensure that model-predicted bioaccumulation in zooplankton was reasonable, PCB congener concentrations were expressed as the logarithms of lipidnormalized bioaccumulation factors (log BAFs) so that they could be compared to field-measured values found in the literature. Field-measured log BAFs for phytoplankton range from 4.8 to 7.8 (23) and from 5.0 to 8.0 (24) . The log BAFs predicted in this study ranged from 5.6 to 8.5 and are higher than the values measured in phytoplankton and above those predicted from equilibrium partitioning of chemical between the zooplankton's lipid and water (5.6-7.4). These predictions seem reasonable because this model assumes that zooplankton biomagnify PCB congeners that they aquire while consuming phytoplankton. Overall, the quality of model predictions was evaluated using the 95% probability intervals of the distribution of the ratios of predicted to observed concentrations for each congener measured in each species (C pred/Cobs). The geometric means of C pred/Cobs for filter-feeding benthic invertebrates, detritivorous benthic invertebrates, and fish were 1.0, 1.0, and 0.8, respectively. These results indicate that overall the model accurately predicted congener concentrations in filter-feeding and detritous feeding benthic invertebrates but tended to underestimate concentrations in fish. The 95% probability intervals reflect the extent of deviation from perfect agreement. For filter-feeders, detritivores, and fish, the 95% probability intervals were 1.8, 1.9, and 2.0, respectively. Table 6 compares the relative importance of gills, diet, feces and, growth in the exchange of a representative high K OW (PCB 153) and low KOW (PCB 42) congener between western Lake Erie biota and their environment. All aquatic biota exhibited an increase in the relative importance of chemical uptake via diet and elimination via feces as the K OW of the congener increased. Over 99% of PCB 153 accumulated by walleye was through the consumption of contaminated food whereas 79.9% of PCB 42 was accumulated from food. Gills were the predominant route of chemical elimination in zebra mussels, zooplankton, and walleye for the lower K OW PCB. For the high KOW congener, feces were the predominant route of chemical elimination. For detritovorous benthic invertebrates, feces represented the primary route of chemical elimination for all PCBs. The ratio of gill ventilation rate to ingestion rate is much higher for fish (mean, 9700; SD, 600; n, 14) than for these benthic invertebrates (mean, 6000; SD, 10000; n, 3). Consequently, diet and feces are relatively more important than gills as routes of chemical exchange in these species compared to fish.
A sensitivity analysis was performed on the model to identify the most important model inputs affecting the concentration of a representative low and high K OW PCB congener in zooplankton and a representive filter-feeder, detritivore, and fish species (Table 7) . In separate simulations, the value of each parameter was lowered 10%, and the effect of this change on model output was evaluated. The representative fish species (walleye) and zooplankton showed a greater sensitivity to changes in model input parameters as the K OW of the congener increased whereas benthic invertebrates exhibited no consistent response in model input sensitivity with increasing K OW. For the representative benthic invertebrate and fish species, the chemical concentration in the diet was the most sensitive parameter for both the lower and higher K OW congener. Consequently, changes in the diets of these organisms are likely to have a profound impact on bioaccumulation.
For zooplankton, the concentration of chemical in water was most sensitive and was equally sensitive for the two PCB congeners. Zooplankton feed by filtering phytoplankton out of the water column. While feeding, zooplankton are consuming chemical from both water and phytoplankton. Because phytoplankton are assumed to be in chemical equilibrium with water, changes in C W will cause direct and proportional changes in the chemical concentration in Discrepencies between model predicted and observed congener concentrations may be due to a number of factors, but sensitivity analyses performed on the model indicated that changes in input parameters describing chemical accumulation from food (CD) and water (CW) had the greatest effect on model outputs. Consequently, it is most likely that the assigned diets and measured water concentrations used as model input parameters represented only approximately the average conditions experienced by all biota captured in this field study.
In conclusion, a mathematical model has been described that estimates chemical concentrations in phytoplankton, zooplankton, filter-feeding and detritovorous benthic invertebrates, and fish at steady state. Model predictions were compared to field-measured concentrations of 31 PCB congeners in western Lake Erie biota. Overall, the predictive capability of the model was good. The ability of this model to accurately predict contaminant transfer in a complex food web indicates that it could be an important tool for predicting the effects ecosystem changes on contaminant concentrations in a wide variety of aquatic species including top predators. Other uses for this model are developing remediation targets, evaluating contaminant-based remediation strategies, and performing biological risk assessments. Although this study has validated the model for PCB congeners in the western basin of Lake Erie, the model is generic and requires only basic data to parameterize it for other organic chemicals and food webs. 
